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We have previously shown that the Edmonston strain of measles virus enters and is released preferentially at the apical
surfaces of polarized epithelial cells. Small amounts of virus were found to be released at the basal surface. In the present
study, we passaged the virus in polarized cells and characterized the passaged virus for its pattern of entry and release
in epithelial cells as well as the ability to downregulate the receptor CD46. In contrast to the original stock virus, the
passaged virus was found to be released at close to the same levels from both the apical and the basal surfaces.
Accumulation of viral nucleocapsids and virus budding were observed at both membrane surfaces when cells were infected
with the passaged virus. The passaged virus was also found to enter efficiently at the basal surface, unlike the original
stock virus. Syncytial formation was observed at earlier times postinfection in cells infected with the passaged virus
compared to cells infected with the stock virus. On Caco-2 cells, CD46 is found on both surfaces but is preferentially
expressed on the apical membrane. The original Edmonston stock and two other wild-type strains, Chicago and Davis, were
found to downregulate CD46 levels on the apical but not on the basolateral membrane of Caco-2 cells, while the passaged
Edmonston measles virus did not downregulate CD46 on either surface. These data indicate that passage of measles virus
through polarized epithelial cells results in selection of virus which exhibits a bidirectional pattern of entry and release
through both the apical and the basolateral surfaces and which no longer downregulates CD46 expression on the cell
surface. q 1997 Academic Press
INTRODUCTION required for the receptor function of CD46. Direct evi-
dence for a functional and structural interaction between
Measles, a morbillivirus and member of the Paramyxo- CD46 and the MV hemagglutinin (H) glycoprotein has
viridae family, enters cells by binding to a cellular recep- also been obtained (Nussbaum et al., 1995).
tor and fusing with the cellular plasma membrane. The It has been demonstrated that upon infection with cer-
human cell surface protein CD46 has been well estab- tain measles virus strains CD46 is downmodulated from
lished as a measles virus (MV) receptor (Dorig et al., the cell surface (Naniche et al., 1993b) and that various
1993; Naniche et al., 1993a). CD46, a type 1 transmem- strains differ in their ability to downregulate CD46 ex-
brane protein, is present on all human cells except ery- pression (Schneider-Schaulies et al., 1995a, b). The
throcytes and is involved in complement inactivation (for downregulation of CD46 can be correlated with the pres-
review see Liszewski et al., 1991). Due to alternative RNA ence of MV-H on the cell surface (Naniche et al., 1993b).
splicing CD46 occurs as multiple isoforms, and it has In addition, it has been reported that CD46 on adjacent
been shown that the four major isoforms can all serve uninfected cells can be downregulated after contact with
as receptor for measles virus (Gerlier et al., 1994; Man- MV-H-expressing cells or MV-infected cells (Krantic et
chester et al., 1994; Maisner et al., 1994). The extracellu- al., 1995; Schneider-Schaulies et al., 1996).
lar domain of four short consensus repeat sequences Studies of the interaction of viruses with epithelial cells
(SCR) is shared among the multiple isoforms, and the have provided new insights into the cell biology of virus
measles virus binding domain has been mapped to SCR- infection (for a recent review see Blau and Compans,
1 and SCR-2 (Iwata et al., 1995; Manchester et al., 1995). 1996). Epithelial cells are generally polarized and pos-
It has also been found that the presence of N-glycans sess two distinct plasma membranes, the apical domain
(Maisner et al., 1994; Maisner and Herrler, 1995), espe- which in tissues faces the external lumen and the baso-
cially on the SCR 2 region (Maisner et al., 1996a), is lateral domain which faces the internal milieu. Viruses
may enter polarized epithelial cells selectively through
one membrane and not the other. Some viruses such as1 Current address: Department of Microbiology, University of Colo-
SV40 (Clayson and Compans, 1988) and transmissiblerado Health Sciences Center, Denver, CO 80262.
gastroenteritis coronavirus (Rossen et al., 1994) enter2 To whom correspondence and reprint requests should be ad-
dressed. through the apical surface while vesicular stomatitis virus
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(VSV) (Fuller et al., 1984) and Semliki Forest virus (Fuller Indirect immunofluorescence
et al., 1985) preferentially enter through the basolateral
Cells grown on filters were infected with virus and atdomain. Due to the polarized sorting of viral proteins in
36 hpi were fixed with 3.2% paraformaldehyde. The cellsepithelial cells, enveloped viruses are usually released
were then incubated with antisera on both the apicalfrom epithelial cells selectively from one membrane do-
and the basal surfaces, followed by an FITC-conjugatedmain and not the other. For example, influenza virus is
secondary antibody. The nuclei were stained with 1%released at the apical surfaces while VSV is released
propidium iodide (PI). The filters were cut and mountedat the basolateral surfaces of polarized epithelial cells
in Vectashield (Vector Laboratories, Burlingame, CA) and(Rodriguez-Boulan and Sabatini, 1978).
analyzed on a Zeiss LSM 410 Invert Confocal Micro-Previously we have shown that in two polarized epithe-
scope.lial cell types, Caco-2 and Vero C1008, measles virus
preferentially enters these cells through the apical sur-
CD46 surface expression assayface and is predominantly released by budding at the
apical plasma membrane (Blau and Compans 1995). For cell surface radioimmunoassays, cells grown on
However, a low level of virus was found in the medium filters were rinsed twice with phosphate-buffered saline
exposed to the basolateral surfaces. In this study we (PBS), and antibody to CD46 (J4-48 Immunotech, West-
examine the entry and release in polarized cells of virus brook ME) was added to either the apical or the basal
obtained after serial passage in epithelial cells. In addi- surface with the other side incubated with 3% BSA in
tion, we compared the ability of the original and the pas- PBS. After the primary antibody incubation the cells were
saged virus to downregulate the receptor CD46. washed and incubated with an 125I-conjugated anti-
mouse IgG for 30 min at 47 in a humidified chamber.
Filters were washed extensively and cut from the cham-MATERIALS AND METHODS
bers and the cell-associated radioactivity was counted
in a Packard gamma counter.Cells and virus
Caco-2, Vero C1008, and Vero cells were grown in Electron microscopy
Dulbecco’s modification of Eagle’s minimal essential
Vero C1008 cells were grown on cell inserts and thenmedium supplemented with 10% fetal bovine serum.
infected with measles virus at a multiplicity of infectionFor studies of virus entry and release, cells were grown
(m.o.i.) of 5. At intervals, samples were washed with PBS,on Falcon 1.0-mm PET membrane inserts (4.65 cm2).
fixed with 1% glutaraldehyde, mordanted with 0.01% tan-The cells were seeded at 1.0 1 106 cells per filter,
nic acid, stained with 1% osmium tetroxide, stained enand the medium was changed every 2 – 3 days. The
bloc with 1% uranyl acetate, dehydrated with a gradedEdmonston, Davis, RAP, and Chicago strains of mea-
series of ethanol, floated off the filter inserts with propyl-sles virus and measles virus-specific antisera were
ene oxide, and embedded in EMBED 812 (Electron Mi-kindly supplied by Dr. William Bellini and Dr. Paul Rota,
croscopy Sciences, Fort Washington, PA). Sections wereand were grown and titered by plaque assay in Vero
prepared with a Reichert Ultracut E microtome, mountedcells (Bellini et al., 1979).
on 300 mesh copper grids, poststained with uranyl ace-Before infection of cells on filters, we confirmed that
tate and lead citrate, and then examined with a Philipsthe cells had established a polarized monolayer by mea-
CM10 electron microscope.suring the transepithelial electrical resistance using a
Millicell-ERS resistance apparatus (Millipore Corp., Bed-
RESULTSford, MA). The net resistance was calculated by sub-
tracting the background and multiplying the resistance Release of wild-type strains of measles virus
by the surface area of the filter. Caco-2 cells had a resis-
tance of 700 – 900 ohmrcm2 at time of infection while We have previously shown (Blau and Compans, 1995)
that the Edmonston strain of measles virus is releasedVero C1008 cells exhibited a resistance of 50-70
ohmrcm2. For infection, the virus inoculum was added from two types of epithelial cells in a polarized fashion,
predominantly at the apical surfaces. To determine ifeither to the apical chamber or to the basal chamber and
was allowed to adsorb for 1 hr at 377 and then removed. apical release was a general property of measles virus
strains, several additional strains were examined for theirMonolayer permeability measurements of cells grown
on filters were made by using [3H]inulin according to release in polarized Vero C1008 cells by infecting cells
grown on inserts and collecting and determining thepreviously described procedures (Caplan et al., 1986). A
rate of inulin diffusion of less than 1%/hr was considered yields in both the apical and the basal media. Figure 1
shows that the vaccine RAP strain and wild-type Davisto indicate the formation of an impermeant cell mono-
layer. strain (Figs. 1A and B, respectively) have 500-fold higher
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FIG. 1. Release of wild-type measles virus strains in Vero C1008 cells. The cell cultures were inoculated (at a m.o.i. of 1) through the apical
surface. At times indicated both the apical and the basal media were collected and viral yields were determined by plaque assays on Vero cells.
The squares represent the titers found in the apical medium while the circles represent the titers found in the basal medium. (A) Release of RAP
strain; (B) release of Davis strain; (C) release of Chicago strain and (D) release of Edmonston strain.
yields released into the apical medium than into the sages, the level of basal virus increases up to 26.1%
(fourth passage, Fig. 2C). In addition a higher overallbasal medium. The wild-type Chicago strain also shows
yield was observed, with titers of 106 PFU/ml for the firsta predominantly apical release at early time points of
passages and over 108 PFU/ml for later passages. Theinfection (Fig. 1C). These results indicate that the wild-
greater yields recovered in the basal media were nottype strains, like the Edmonston strain, are released pref-
due to a loss of membrane integrity. This was assayederentially at the apical surface.
by determining the rate of macromolecular diffusion
across the monolayer. The cultures infected with the orig-Effect of passage on polarity of release of measles
inal or the passaged virus did not show an increasedvirus from epithelial cells
rate of inulin diffusion until 60 hours postinfection (hpi)
Although the virus is preferentially released into the (data not shown). These changes were not restricted to
apical medium, a low level of virus was found to be serial passages in Vero C1008 cells. Virus passaged in
released into the basal medium. In order to characterize Caco-2 cells also showed a greater level of basal release
this basally released virus, the Edmonston virus released after subsequent passages (data not shown). In contrast,
into the basal medium of infected Vero C1008 was col- when passaged four times in nonpolarized Vero cells,
lected, titered, and reinfected at the apical membrane the Edmonston virus still exhibited an apical pattern of
(m.o.i. of 1) in Vero C1008 cells. This was repeated for release (data not shown). These results indicate that pas-
several passages. Figure 2 shows the viral yields ob- sage of the virus through polarized epithelial cells results
tained in both the apical and the basal media from each in changes of the release patterns of the virus, with
of these passages. In the first passage, 0.99% of virus greatly increased amounts released at the basolateral
surface.was found in the basal medium. In subsequent pas-
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To determine whether the basal release could be ob-
served with distinct subclones of virus, individual
plaques were isolated from the population of virus that
had undergone four passages in Vero C1008 and plaque
purified twice. Seven clones were examined and they
each showed similar release profiles as seen in Fig. 2,
with a range of 19.8 to 23.6% of the progeny virus being
released into the basal medium.
The release of the plaque-purified, passaged virus was
also examined by electron microscopy. Figure 3 shows
regions of both the apical (Fig. 3A) and basal (Fig. 3B)
surfaces of a Vero C1008 cell infected with a plaque-
purified virus stock. Viral nucleocapsids were observed
aligned at both membrane surfaces of infected cells. In
contrast, virus budding and the association of nucleocap-
sids were observed only at the apical plasma membrane
in cells infected with the original stock virus (Blau and
Compans, 1995). These results support the conclusion
that measles virus passaged through polarized Vero
C1008 cells is released bidirectionally at both the apical
and the basolateral membranes.
The surface expression of the viral glycoproteins was
examined by indirect immunofluorescence to further ex-
amine the site of release of the virus. In Figure 4 it is
observed that in cells infected with the original virus, the
viral glycoproteins are found only on the apical surfaces
of the cells. In contrast, in cells infected with the pas-
saged virus the viral glycoproteins are found on both
the apical and the basolateral surfaces. These results
indicate that the viral glycoproteins are found on the
same membrane where release occurs with both the
original and the passaged virus and support the conclu-
sion that the passaged virus is released at both mem-
brane surfaces.
Biological properties of passaged virus
As observed in Fig. 2, the passaged virus grew to
higher titers than the original stock. In addition, a faster
development of cytopathic effect was observed when
cells were infected with the passaged virus compared
to cells infected with stock virus. Figure 5 shows mono-
layers of Vero C1008 cells infected with either passaged
or original stock virus at 24 and 48 hpi. Some syncytium
formation was observed at 24 hpi in cells infected with
the passaged virus, while cell fusion was not evident
FIG. 2. Passaged virus is released at basal surfaces. Stock virus until 48 hpi for cells infected with the original stock virus.(first passage) at a m.o.i. of 1 was added to the apical surface of Vero
These cultures were infected at a higher m.o.i. than usedC1008 cells grown on filters. At 48 hpi when the monolayer is still intact
in the release experiments, in which the cultures main-and showing high resistance, both the apical and the basal media
were collected and the viral yields were determined by plaque assay tained their monolayer integrity as evidenced by the lack
on Vero cells. The released virus (m.o.i. of 1) was then added to the of inulin diffusion. The plaques produced by the pas-
apical medium of Vero C1008 cells grown on filters. This was repeated saged virus were also found to be greater in diameter
for each passage. The titers shown are the means of triplicates. (A)
with an average diameter of 2.9 mm compared to theThe yields released into the apical medium; (B) virus released into the
original stock virus with an average diameter of 1.2 mm.basal medium; and (C) the percentage of virus found in the basal
These results support the conclusion that virus passagedmedium for each passage.
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FIG. 3. Release of the passaged virus by budding at both the apical and the basolateral membranes. Vero C1008 cells grown on filters were
infected with plaque-purified passaged virus at a m.o.i. of 1 at the apical surface. Samples were fixed and prepared for electron microscopy at 48
hpi. (A) A region of the apical surface; (B) a region of the basal surface of the same cell. Arrows indicate viral budding or nucleocapsids aligned
at the plasma membrane. Magnification, 26,5001.
in epithelial cells has a faster rate of growth and spread infection (Naniche et al., 1993b; Schneider-Schaulies et
al., 1995a, b). CD46 is expressed preferentially on thecompared to the original stock virus and causes a more
rapid cytopathic effect. apical surfaces of polarized Caco-2 cells (Fig. 7) but we
have previously shown (Blau and Compans, 1995) that it
Entry of passaged virus in polarized cells is expressed on the basolateral surface at low levels as
well. We investigated whether infection of these cells byThe passaged measles virus was also assayed for its
measles virus caused downregulation of CD46 on eachability to infect polarized epithelial cells at either the
surface of polarized cells. Figure 8 depicts the expres-apical or the basal surface. The passaged virus was
sion of CD46 on the apical and basal surfaces of Caco-inoculated via either the apical or the basal surface and
2 cells at various time points postinfection. It was ob-then at 48 hpi, both media were collected separately and
served that significant downregulation of CD46 occurredtitered. Figure 6 shows the yields of virus released into
after infection by the stock Edmonston virus on the apicalthe apical and basal media. The yields obtained when
surface of these cells; an up to 50% decrease in thethe original stock virus was inoculated apically were
expression levels was found at later time points postin-about 1000-fold higher than yields obtained when the
fection. In contrast, no significant decrease in expressionvirus was inoculated basally, and virus release occurred
levels was observed on the basolateral surfaces. Thepredominantly at apical surfaces, as reported previously.
wild-type strains Chicago and Davis also downmodu-In contrast, only a 10-fold difference in yield was seen
lated CD46 on the apical surface (data not shown). Thesewhen the passaged virus was inoculated via the apical
results indicate that the site of downregulation of CD46versus basal surface, and about 25% of the released
surface expression corresponds to the site of expressionvirus was recovered in the basal medium. These results
of the viral glycoproteins.
support the conclusion that the passaged virus is much
The passaged virus was also assayed for the ability
more efficient at entering through the basal surface than
to induce downregulation of CD46 (Fig. 8b). It was ob-
the original stock virus.
served that the passaged virus, unlike the original stock
virus, did not downregulate CD46 expression on the api-Downregulation of CD46 in polarized cells
cal surface. Of interest, it was noted that early after infec-
It has been clearly established that many strains of tion higher levels of CD46 expression were detected on
the basal surface when Caco-2 cells were infected withmeasles virus downregulate the receptor, CD46, upon
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human embryonic kidney cells and which we have pas-
saged in nonpolarized Vero cells, is released predomi-
nantly at the apical surface. After release, this virus can
infect adjacent cells at their apical surface but it has
been recently shown that the adjacent cell’s CD46 is
downregulated (Schneider-Schaulies et al., 1996), which
would probably hinder subsequent rounds of infection.
In contrast, the passaged virus can infect neighboring
cells in which CD46 is not downregulated.
The ability of the passaged virus to infect at the baso-
lateral surface was not inhibited significantly by antibody
against the measles virus binding domain of CD46 (data
not shown), which may suggest that the passaged virus
is using an alternate receptor. Moesin has been reported
to act as a measles virus receptor (Dunster et al., 1994).
However, in our experiments antibody against moesin
was not found to inhibit infection of Caco-2 cells by either
the passaged or the unpassaged Edmonston virus. The
Edmonston strain infects MDCK cells at a very low effi-
ciency (Scott and Choppin, 1982). MDCK cells do not
express CD46 that is recognized by available human or
simian antibodies (Maisner et al., 1996b). When MDCK
cells were inoculated with the passaged virus, we ob-
served no infection (data not shown). Since it is possible
that CD46 is involved in directing measles virus glycopro-
teins to the cell surface, it would be of interest to deter-
FIG. 4. Glycoproteins of the passaged virus are present on both the
mine if the passaged virus no longer interacts intracellu-apical and the basolateral surfaces. Monolayers of Vero C1008 grown
larly with CD46, thus providing an explanation for theon filters were infected with either original stock virus (A) or passaged
virus (B) at a m.o.i. of 1. At 36 hpi the cells were fixed and assayed by nonpolarized release as well as the loss of downregula-
indirect immunofluorescence as described under Materials and Meth- tion of CD46 by the passaged virus.
ods with primary antisera specific for measles virus H protein. The The budding site of a virus in polarized epithelial cells
figure shows the view through the Z plane of the viral protein (green)
can be a determinant of a localized versus a systemicand PI (red) staining.
infection in vivo. Viruses that enter and are released atFIG. 7. CD46 is expressed on the apical surface of Caco-2 cells.
Caco-2 cells grown on filters were fixed and incubated with antibodies the apical surface can spread laterally through the epi-
specific to CD46 (J4.48) or HLA-ABC (class I) on both the apical and thelial cell layer without entering the bloodstream, re-
the basal surfaces. A and B represent views through the Z plane of sulting in a localized infection. In contrast, a virus that
CD46 and class I, respectively.
enters apically but is released at the basal surface can
infect underlying tissues and enter the bloodstream,
causing a systemic infection. This hypothesis is sup-the passaged virus. These results indicate that passage
ported by results with a Sendai virus mutant that budsof the virus in polarized epithelial cells alters the ability
at both the apical and the basolateral membranes,of the virus to downregulate the CD46 receptor.
whereas the release of wild-type virus is restricted to the
apical membrane. The mutant virus causes a pantropicDISCUSSION
or systemic infection whereas the wild type is exclusively
pneumotropic (Tashiro et al., 1988; Tashiro et al., 1990a,We have shown here that passage of measles virus
in polarized epithelial cells has a striking effect on the 1990b). This mutant, designated F1-R, has been found to
have amino acid substitutions in the F and M proteinspolarity of entry and release of the virus. Specifically,
measles virus was found to produce a much higher per- (Tashiro et al., 1988; Middleton et al., 1990). Recently, it
has been reported that the mutations in M are involvedcentage of basally released virus after passage through
epithelial cells. In addition, the passaged measles virus in disruption of the microtubule network of infected cells
(Tashiro et al., 1996). In addition, it has been reportedvariants differed in their ability to downregulate the re-
ceptor CD46. The passaged virus was found to have that revertants of F1-R selected to exhibit apical budding
like the wild-type virus produced a pneumonic infectionhigher overall yields, which may correlate with the lack of
downregulation of CD46. The original Edmonston stock in vivo (Tashiro et al., 1992).
In vivo, measles virus produces a systemic infection.virus, which was first isolated and passaged in primary
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FIG. 5. Cytopathic effects are observed at earlier times with passaged virus compared to original stock virus. Monolayers of Vero C1008 grown
on plastic were infected with either stock virus (A and B) or passaged virus (C and D) at a m.o.i. of 5. The monolayers were photographed at either
24 (A and C) or 48 (B and D) hpi.
Our previous results showing that measles virus is re-
leased apically from epithelial cells raised the question
as to how the virus traverses the epithelial cell layer of
the respiratory tract. The effect that we have shown in
the present study could be representative of what occurs
during natural infection by measles virus. The virus ini-
tially infects epithelial cells and undergoes at least one
round of replication while being released apically. After
infecting neighboring cells this ‘‘passaging’’ selects for a
virus which is now able to be released at the basal sur-
face and can encounter monocytes and lymphocytes,
which support measles virus replication (Berg and Ro-
senthal, 1961) and subsequently establish a systemic
infection. We found that one or two passages in epithelial
cells was sufficient to cause a difference in the polarity
of release. Whether the passaged virus has an enhanced
tropism for lymphocytes and monocytes has not been
determined.
It has been observed that the glycoproteins of enve-
loped viruses accumulate on the same membrane do-FIG. 6. Passaged virus enters efficiently through the basal surface.
main at which release occurs (Rodriguez-Boulan andOriginal stock (A) and a passaged virus (B) that had undergone four
passages in Vero C1008 cells were inoculated at a m.o.i. of 1 to either Pendergast, 1980; Roth et al., 1983a, b; Owens et al.,
the apical medium or the basal medium as indicated on the horizontal 1991). Mutation in the viral proteins could cause them to
axis. At 48 hpi the apical and basal media were collected and the viral now be directed to both surfaces, which would resultyields were determined. The solid bars represent the yields recovered
in the virus being released at both the apical and thein the apical medium and the hatched bars represent the yields recov-
ered in the basal medium. basolateral membranes. The accumulation of the viral
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FIG. 8. CD46 is downmodulated on the apical surface by the Edmonston strain but not the passaged virus. Caco-2 cells grown on filters were
infected at the apical membrane (m.o.i. of 1) with original Edmonston stock virus (A) or virus that had undergone four passages in Vero C1008 cells
(B). At indicated time points the expression of CD46 was assayed by radioimmunoassay. The points represent the average of triplicate inserts with
the standard deviation shown as error bars. Squares represent expression on the apical surface, and circles represent the basal surface.
tance with manuscript preparation, and Bill Bellini for reviewing theglycoproteins on both the apical and the basolateral
manuscript. This study was supported by Research Grants AI 12680membranes may also be responsible for the more rapid
and CA 18611 from the National Institutes of Health.
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